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Abstract 
The concentration of uranium (374mg/kg) and radioactivity in coal bottom ash (CBA) from high-germanium containing 
coals were much higher than that of other bottom ashes generated from normal coals. The radioactivity from daughter 
radionuclides generated by uranium decays. Apparently, the much higher radioactivity in this kind of solid waste may present a 
potential danger to the ambient environment and human health. However, the recovery of uranium as resources and removal of 
radioactivity were rarely studied. The distribution and occurrence of uranium in CBA were studied. The experimental results 
show that uranium mainly exists as incorporated into aluminosilicates (mainly glass phase) (59.1%) and Fe-oxides (34.9%). The 
extraction of uranium was achieved by Tessier sequential extraction, acid leaching, magnetic separation, mechanical activation 
combined with alkali activation, as well as calcination with Cacl2 followed by HNO3 leaching. The results demonstrated that the 
optimal method of extraction uranium was calcination with Cacl2 followed by leaching with HNO3. By this method, the recovery 
of uranium can be as high as up to 95.8%, and removal of gross α and gross β can reach92.9% and 84.9%, respectively. The 
possible mechanism of uranium recovery by Cacl2 roasting followed by HNO3 leaching was also investigated in this work. After 
processing, the radioactive CBA can meet the requirement of the standard of limit on radioactive substance for industrial waste 
slags used in building materials. It can be concluded that the method of Cacl2 roasting followed by HNO3 leaching can be used 
for the resource-oriented utilization of radioactive CBA. 
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1 Introduction 
Some lignites in the world, e.g. South Texas (USA) [1], Ajka valley (Hungary) [2], Figueira County (Brazil) [3], 
southern Urals and Transbaikalia (Russia) [4], Northern Greece are highly enriched in U [5]. Middle Asia is probably 
the most abundant area which contains the U-bearing coals [4]. In China, some late Permian coals in south and north 
China, e.g. Guiding (Guizhou Province) [6], Yanshan (Yunnan Province) [7], Heshan (Guangxi Province) [8],Fusui 
(Guangxi Province) [9], Yili (Xinjiang Province) are also highly enriched in U [10].However, the radioactivity of their 
combustion residue (e.g. bottom ash) has not been studied yet. Its impact on the surrounding environment (including 
air, soil and underwater) and human health may be significant [11]. Hence, it is essential to treat such coal bottom ash 
with comparatively higher level of radioactivity before reutilization and minimize its influence on ambient 
environment. 
As there are many uranium-rich coals in China and other countries, the removal of uranium and radioactivity is 
becoming significant. The main method to extract uranium from coal bottom ash is acid leaching.The experimental 
results of Pauland Seferinoğluindicated that, nearly 80% of uranium in coal ashes was released to the solution after 
leaching with sulfuric acid for 14 days [ 12 , 13 ], because the metal predominantly existed as uranium organic 
compounds in the original coal. Hamid reported that leaching of uranium from petroleum ash could achieve more 
than 97.1% applying the optimum leaching condition [14]. However, direct leaching of uranium from many other coal 
bottom ashes by acid solution was verified difficult, only less than 40% of uranium was leached [15]. Zielinski 
compared the leaching conditions of uranium and arsenic in coal ash [16], and found that leaching of arsenic with the 
carbonate buffer solution was rapid and efficient (leaching rate was 49%), in contrast, U was hardly leached (7%) in 
two weeks. Most explanations for the low leaching efficiency of uranium in CBA were the relatively insolubility of 
uranium residence in particles within glassy matrix [17], but lack of direct evidences. 
In conclusion, extraction of uranium from coal ashes greatly differed from coals and regions, but there hasn’t 
been a unified extraction method applied for global uranium-rich bottom ash. Different uranium extraction methods, 
which depended on the different combustion conditions (e.g. combustion temperatures, categories of raw coal, 
furnace types) and modes of occurrence of uranium in raw coals, would lead to different leaching efficiencies. 
Therefore, to effectively extract uranium and remove radioactivity from CBA, the distribution and mode of 
occurrence of uranium in bottom ash should be performed. 
Yunnan province in southwestern China is an important lignite producing area, the reserves of lignite in 
Yunnan accounts for 11.9% of total amounts in China [18]. The average radioactivity of uranium in lignite is higher 
than that of the other kinds of coal (e.g., 87.1Bq/kg in lignite produced from Yunnan Province, China) [ 19 ], 
sometimes even up to 624.4 Bq/kg [20]. After its burning, the natural radioactivity level of coal combustion ash is 4-
10 times higher than that of feed coals [21,22]. Hence, it is essential to treat such coal bottom ash with comparatively 
higher level of radioactivity prior to reutilization and to minimize its influence on ambient environment. 
As discussed above, the purpose of this work was to investigate the extraction and recovery techniques based 
on distribution and the mode of occurrence of uranium in bottom ash with comparatively higher radioactivity in 
Lincang, southwestern China.  
2. Materials and Methods 
2.1. Samples and reagents 
The CBA samples were obtained from two different germanium (Ge) smelting factories in Lincang, Yunnan 
Province, China (sample No.1 and No.2). The samples were crushed into powder by milling with a ball mill, and 
then were passed through a 500-mesh standard sieve (< 25 µm in diameter). The fine powder samples were dried at 
105°C in a forced air oven to constant weight and stored in a desiccator for further use. The CBA was characterized 
as a uranium-rich (374 ppm) waste with low-level radioactivity (gross α of 3.08 Bq/g, and gross β of 11.83 Bq/g). 
2.2. Tessier sequential extraction of uranium in CBA 
Tessier sequential extraction procedures were used to take the uranium fractionation in CBA into five fractions: 
the exchangeable, bound to carbonates, bound to iron and manganese oxides, bound to organic matter, and 
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remaining in residue [23]. The experimental procedures were analogous to those described in literatures [24,25,26,27]. 
Briefly, (1) CBA was extracted at room temperature for 3 hours with sodium acetate solution (1 M CH3COONa, pH 
8.2) under continuous agitation. (2) The residue from (1) was leached at 50°C with 1 M NaAc solution adjusted to 
pH 5.0 with acetic acid (CH3COOH). Continuous agitation was maintained and the time necessary for complete 
extraction was 5 hours. (3) The residue from (2) was extracted with 0.04 M NH2OH-HCl solution in 25% (v/v) HAc. 
The experiment was performed at 60°C under continuous agitation and the time needed for complete dissolution of 
the free iron oxides was 8 hours. (4) To the residue from (3) was added 0.02 M HNO3, and 30% H2O2 adjusted to 
pH 2 with HNO3 and the mixture was heated to 85°C for 2 hours under continuous agitation. NH4Ac was then added 
and the sample was heated again to 65°C for 6 hours under continuous agitation. (5) The residue from (4) was 
digested with HF, HNO3 and HClO4 mixture according to Tessier for total metal analysis. Each step was repeated 
four times, and the leachate was collected separately to measure the concentration of uranium and other major 
metals.  
2.3. Acid leaching of CBA 
A total of 5 g of CBA was placed into a beaker with volume of 150 mL, and 80 mL of HNO3, Hcl, H2SO4 
solution (1:1, v/v) was added. The resulting suspension was stirred with a magnetic stirrer at 500 rpm for 2 hour at 
80°C, and then the slurry was centrifuged. The supernatant was collected and the residue washed with 80 mL of 
distilled water. The supernatant and washing solution were mixed and diluted up to 500 mL, and then a 10 mL-
aliquot was withdrawn for uranium content analysis. The solid residue was further washed twice, dried, and the 
weight of the residue was recorded. The leaching experiment was performed in duplicate. 
2.4. Mechanical activation of CBA combined with alkaline activation 
CBA was mechanically activated using high energy planetary ball mill in a corundum grinding jar using 
corundum balls of 5 mm ball sizes for 1, 6, 12 and 18 hours with 250 rpm rotation speed. Material to media ratio of 
1:10 was maintained during milling. After milling, the slurry was filtered and the solid fraction was leached by 20% 
(wt. %) NaOH solution. The suspension was stirred for 2 hours at 90°C, and then the slurry was centrifuged. The 
solid residue was further washed twice, dried, and the weight of the residue was recorded. The leaching experiment 
was performed in duplicate. 
2.5. Magnetic separation of CBA 
A total of 20 g of CBA was added to 2.0 L of distilled water, and the slurry was stirred vigorously with a 
magnetic rod (15, 000 Gs). This procedure was repeated until no more magnetic fraction adhered to the magnet. The 
magnetic fraction and the non-magnetic fractions were oven-dried to constant weight and their mass was recorded. 
In addition, the total iron (TFeO, expressed as iron oxide) and uranium content in these three fractions were 
measured.  
2.6. CaCl2 roasting of CBA followed by HNO3 leaching 
A total of 10.00 g of coal bottom ash was thoroughly mixed with a measured amount of CaCl2 (5.00 g) powder 
using an agate mortar. The mixture was transferred to a corundum crucible and heated in a muffle furnace holding at 
900 °C for 120 minutes. The resulting clinker was then naturally cooled to room temperature. The weight of roasted 
clinker was recorded to evaluate the loss on ignition (LOI). Then the clinker was leached by 100 ml 4 M HNO3 at 
80°C for 2 hours to assure that the slurry was mixed homogeneously and that the leaching process could proceed 
sufficiently. The slurry was centrifuged at 10,000 rpm for 10 minutes, and the supernatant collected. The volume of 
supernatant and its uranium concentration were determined. The solid residue was washed with water until no ions 
were detected, and dried at 105 ºC for 24 hours, and its weight recorded. All the experiments were performed in 
duplicate. 
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2.7. Analytical methods and characterization of CBA 
Chemical compositions of the coal bottom ash were determined by an X-Ray Fluorescence (XRF) (XRF-1800, 
Shimadzu Company). All the compounds in the ash were evaluated in form of oxides. 
Uranium content in CBA was determined by an inductively coupled plasma mass spectrometer (ICP-MS) 
(Xseries2, Thermo Scientific Company). Samples for analysis were subjected to microwave digestion by a mixture 
of HNO3, HF, and HCl with volume ratio of 3/1/1. 
The quantitative composition of mineralogical phases in samples was obtained from Siroquant™ software, 
which was developed by Taylor [28] based on the principles for diffractogram profiling set out by Rietveld[29]. Further 
details related to the use of this technique for coal combustion products were provided by Ward et al. [30,31] and Dai 
et al. [32,33]. Metakaolin and tridymite were proved to be consistent in representing the amorphous or glassy phase in 
the fly ash in the Siroquant quantitative analysis [34]. In this work, tridymite was chosen for glass interpretation.  
A representative coal combustion bottom ash sample was subjected to an electron probe micro-analyzer 
(EPMA) to analyze the distribution of elements (U, Al, Si, Fe, and O) in CBA. Samples were analyzed on a JXA-
8230 EPMA analyzer (JEOL Company, Japan). The accelerating voltage was 20 kV with the beam current of 10-7 A. 
3 Results and Discussion 
3.1 Characteristics of CBA 
Similar to most coal combustion ashes, the major components of CBA in this study are SiO2 and Al2O3, which 
account for 84% of the total mass (Table 1). However, the concentration of uranium (374 mg/kg) is comparatively 
high and close to that of some low-grade uranium ores. From the XRD pattern of CBA, the solid particles are 
composed mainly of amorphous aluminosilicate glass (56.9%) and crystalline phases including quartz (18.7%), 
mullite (12.9%), K-feldspar (8.1%), and a trace amount of cristobalite (Table 2). 
Table 1.Elemental abundances in CBA from Lincang, Yunnan Province, China (oxides of major elements in wt. %) 
Elements SiO2 Al2O3 CaO LOI Fe2O3 K2O MgO TiO2 Na2O MnO WO3 BaO U3O8 
Sample No.1 65.7 18.6 6.92 4.11 4.35 2.38 0.88 0.34 0.17 0.1 0.065 0.09 0.04 
Sample No.2 64.1 19.2 6.83 5.24 5.33 2.54 0.99 0.54 0.21 0.2 0.074 0.08 0.04 
Table 2. Crystalline phases in CBA (in wt.%). 
Crystalline Quartz Mullite K-Feldspar Cristobalite Glass 
No.1 18.7 12.9 8.1 3.5 56.9 
No.2 19.7 13.7 5.0 4.9 56.7 
3.2. Distribution and mode of occurrence of uranium in CBA 
According to the Tessier sequential procedures, the uranium in CBA is mainly present in Fe-Mn oxide fraction 
and residual fraction (94%, Table 3). Uranium existed with Fe-Mn oxide is proved to be especially enriched in Fe 
oxides according to SEM-EDS images. Uranium in residue fraction is mainly retained in the glass and cristobalite 
phases according to high coefficient (Pearson coefficient 0.989 and 0.973). According to the distribution of uranium 
in CBA, to extract of uranium and reduce the radioactivity can be achieved according to the following steps: the first 
step is to crack the vitreous phases and Fe-oxides phase to expose uranium to chemical reagents, then, by leaching 
with chemical reagents, uranium would be dissolved and transferred into aqueous solution. 
Table 3. Percentages of different existing forms of uranium in CBA by Tessier sequential procedure. 
Fractions Exchangeable Bound to carbonates Bound to Fe-Mn Oxides Bound to organic Matter Residual Total 
Percentage(%) 2.7±0.1 0.5±0.2 34.9±1.4 2.6±0.7 59.1±2.4 99.8±3.2 
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3.3 Acid leaching of uranium in CBA 
There are many other research groups have reported that extraction of uranium in coal ash can be achieved by 
acid leaching. The experimental results of Paul and Seferinoğlu indicated that, nearly 80% of uranium in coal ashes 
was released to the solution after leaching with sulfuric acid for 14 days [12,13], because the metal predominantly 
existed as uranium organic compounds in the original coal. Hamid reported that leaching of uranium from petroleum 
ash could achieve more than 97.1% applying the optimum leaching condition, which was applied by high sulfuric 
acid concentration (200g/l) with 6% MnO2 oxidant after 6 hours agitation [14]. However, the opposite condition 
occurred in our research group. It is proved that directly leaching by sulfuric acid, hydrochloric acid and nitric acid 
to extract uranium from CBA are difficult. The different leaching efficiencies may be caused by the origin of raw 
coal, the combustion condition, the existence of uranium in coal ash and so on. In our research, the leaching 
efficiency of uranium and other major components is shown in Table 4. As discussed above, nearly 60% of total 
uranium existed in aluminosilicate, these basic acids were proved to be can’t destroy the glass phases surround 
uranium, therefore, the extraction of uranium can’t achieve effectively. 
Table 4. Leaching efficiency of uranium and other components 
Leaching efficiency(%) U SiO2 Fe2O3 Al2O3 
H2SO4 30.75% 0.21 49.15 19.81 
Hcl 38.12 0.26 54.57 32.41 
HNO3 35.09 0.3 38.83 23.77 
3.4 Extraction of uranium by mechanical activation combined with alkaline liquid leaching 
There are many studies have proved that mechanical activation of coal ash can change the particle size, 
morphology, enhance the rate and decrease reaction time [35,36].Such mechanical activation can not only improve 
degree of fineness but also involve breaking of bonds, dispersion of solids, generation and migration of chemical 
moieties in the bulk, thus can result in increasing surface roughness and specific surface area [37].Apart from the 
reduction in particle size, there are changes in the crystalline structure during milling. A transformation of the 
material from crystalline to amorphous phase will happen during the milling process. On the other hand, milling 
process can also prevent agglomeration of particles, which is found to be detrimental to the production of finer 
particles [ 38 ].Similarly, aqueous solutions of NaOH used as alkali activators has the similar activated effect 
[39].Therefore, in this study, CBA was activated by ball-milling to transform crystalline phases to amorphous, then, 
alkali solution was added to dissolve the amorphous phase, which was proved to be used in the desilication of coal 
ash largely and successfully before, at last, the uranium would release to alkaline solution and was extracted out. 
The extraction efficiency of uranium by NaOH leaching after 12h milling has reached 47.5% and 48.63% after 
18h milling, which indicates that at 12h, the reaction has almost reached balance. However, the extraction efficiency 
has been limited with the increasing of milling time, indicates that only half of total uranium is released to alkaline 
solution. The released uranium can be divided into two parts, uranium that exists within amorphous phases 
originally and in crystal phases that later transfers to amorphous phases. Therefore, it can be concluded that 
mechanical milling can’t effectively destroy the crystal phases in CBA and uranium in these phases can’t release to 
aqueous solution totally. 
3.5 Magnetic separation of uranium in CBA 
The enrichment of uranium in Fe oxides was proved by other studies before. Documented byelectron 
microprobe data, Peto demonstrated that several trace elements, including U, are partitioned into the Fe-rich 
particles in coal combustion ash. The Fe-rich particles are considerably enriched in U relative to the Fe-poor 
particles and contain 2–3 times more U than the particles of Fe-poor [40]. Zielinski et al. also documented that in coal 
ash, Fe rich particles appear to have generally higher concentrations of uranium than other particles [41]. 
In Tessier procedure, uranium bounds to Fe oxides was proven especially enriched in Fe oxides. Therefore, 
magnetic separation is achieved to determine whether uranium can be extracted efficiently. The ground powder was 
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then subjected to wet magnetic separation on a laboratory magnetic separator (magnetic field intensity 15000 gauss). 
Both the uranium and Fe-oxides (as Fe2O3) concentrations in both magnetic and non-magnetic fractions were 
analysed and shown in Fig.2. The results indicate that the uranium in magnetic fraction reaches 1050 ppm, about 3 
times of that in non-magnetic fractions. In addition, the concentration of Fe-oxides (as Fe2O3) is about 10 times of 
that in non-magnetic fraction. All these data demonstrate that the magnetic separation of the CBA is successful and 
uranium does enrich in Fe-oxides, especially in magnetic Fe-oxides (uranium coexists with magnetic fraction 
accounts for 44.64% of total). Though magnetic separation is proved to be effective, uranium coexists with Fe oxide 
only accounts for less than half of total uranium, the extraction rate of uranium is not highly enough. 
 
  
Fig.1 Relationship between leaching efficiency of U, SiO2, 
Al2O3, Fe2O3 and milling time 
Fig.2 Comparison of Fe2O3and uranium concentration between 
magnetic and non-magnetic bottom ashes 
3.6 Extraction of uranium by Cacl2 roasting followed by HNO3 leaching and its mechanism 
As discussed above, 94% of the uranium in CBA coexists with Fe-oxides and glass phase, in which the 
majority of the Fe-oxides containing uranium was entrapped in vitreous material. Therefore, to recover the uranium 
and remove the radioactivity of CBA so that it can be used as construction materials. The first step is to crack the 
vitreous material to make the Fe-oxides expose to chemical reagents.  
The authors’ laboratory previously reported a removal method of uranium, gross α and gross β from CBA by 
calcination with CaCl2 and leaching with HNO3[15]. By XRD and chemical component analyses, it was concluded 
that after calcination with CaCl2, the calcium was incorporated into silicates and aluminosilicates in CBA, which 
transformed the acid-resistant mineral phases in raw CBA to acid-susceptible mineral phases, such as wollastonite 
((Ca,Fe)SiO3), calcium aluminum silicate (Ca0.88Al1.77Si2.23O8), anorthite(CaAl2Si2O8) and andradite (Ca3Fe2(SiO4)3). 
During the calcination, all vitreous materials were destroyed, and the uranium was dissolved without obstruction by 
HNO3 and transferred into aqueous solution. 
In this study, EPMA imaging was used to further explain the changes of CBA after calcination with CaCl2. As 
shown in Figure 4, the EPMA images of clinker after the calcination is different from that of raw CBA (shown in 
Figure 3), there are at least four transformations. First, aluminosilicate, which was the main matrix in raw ash, 
underwent an intense transformation to calcium silicate, since element Ca was highly consistent with the element Si; 
Second, based on the poor consistence between Fe and O in Figure 4, Fe-oxides were also decomposed during the 
calcination; Third, uranium no longer apparently coexisted with iron as compared with Figure 3; Fourth, uranium 
became highly consistent with calcium, indicating that uranium in the raw ash released from entrapment in vitreous 
materials and changed its existing status to coexisting with calcium silicate which formed during the calcination and 
susceptible to acid attack. 
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Fig. 3.EPMA image of raw RCBA. BSE image of detected section in the first image and other elements in the following images 
 
Fig. 4. EPMA image of RCBA after calcinated with CaCl2. BSE image of detected section in the first image and other elements in the following 
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images 
3.7 Environmental and economic benefits on extraction uranium from bottom ash 
Based on the discussions above, removal of uranium from coal bottom ash is feasible. Firstly, the treatment 
procedure is simple and easy to be enlarged to industrial scale. Secondly, the leached treated residue can be used for 
construction purpose. Thirdly, the coal bottom ash heaps area could be largely reduced. Fourthly, the contamination of 
soil and underground water could be avoid. Fifthly, recovery of some valuable components such as alumina during the 
treatment process is worthwhile. Overall, the removal of uranium from coal bottom ash is still deserved and local 
government would be willing to provide financial support. 
 
4 Conclusion 
This paper mainly discussed the extraction methods of uranium from CBA according to the distribution. In 
CBA, the uranium mainly coexists with Fe-oxides and glass phase which accounts for 95% of total uranium. 
Therefore, to recover uranium from CBA, the first and most important step is to destroy the vitreous materials 
outside the uranium-Fe-oxide to make these grains exposed to chemical reagents. Acid leaching by diluted Hcl, 
H2SO4 and HNO3 have extracted almost one third of total uranium, which is different from previous studies. As 
basic acid can not destroy the aluminosilicate structure surround uranium. Mechanical activation of CBA has also 
proved to be not effective enough to destroy crystal phases. Magnetic separation has successfully enriched uranium 
and Fe oxide, but the Fe oxide only accounts for 4% of total, uranium coexists with Fe oxide accounts for 44.64% of 
total. Extraction of uranium by Cacl2 roasting has proved to be the most effective method, which removes 95.8% of 
uranium and gross α (92.9%) and gross β (84.9%). As calcinated with Cacl2 can destroy the aluminosilicate and Fe 
oxide structure, uranium will release to aqueous solution and be extracted out. 
Upon deep understanding the extraction method of uranium in CBA, it will be promising to establish effective 
strategies to remove radioactivity from CBA for the protection of our local environment and human health, and to 
recover uranium form CBA for our sustainable development. 
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